Since nonviral vectors possess several advantages in that they are less toxic, less immunogenic, and easier to prepare, they could be ideal methods for in vivo gene therapy. So far, a variety of nonviral delivery methods have been developed 3) and some of them are presently undergoing clinical trials. 4, 5) In addition, the importance of plasmid constructs for transgene expression has been realized and some disadvantages of nonviral vectors, such as the short duration of transgene expression, can be overcome by optimizing the construct structure. Therefore, to achieve efficient in vivo gene therapy, one should optimize the overall properties of any gene delivery and transfer approach and this may include (i) the solute for administration, (ii) administration route, (iii) design of plasmid construct, and (iv) selection of target cells. In this review, we discuss all the factors that are important for determining the efficacy of in vivo gene transfer in gene replacement therapy for inherent genetic diseases.
TRANSGENE EXPRESSION PROFILES REQUIRED FOR A SPECIFIC DISEASE
For an effective in vivo gene therapy, the major properties of a vector are persistent and high-level transgene expression with minimal toxic and immunological side-effects. Although such characteristics are generally required for a vector system, they depend on the target diseases and transgene products. Therefore, it is not likely that there will be a single vector system suitable for all applications.
Localization of transgene products, i.e., inside or outside transfected cells, is one of the most important factors in any consideration of these characteristics. Table 1 summarizes the required characteristics of in vivo gene transfer. If a transgene product is a protein secreted into the circulating blood where it exhibits biological activity, various cells could be used as platforms for its synthesis. This is the case for blood coagulation factors XIII and XI, and erythropoietin. In actual fact, in the gene therapy approaches for hemophilia, not only hepatocytes 6) that produce the coagulation factors in healthy subjects, but also other cells such as fibroblasts 7) and muscle cells 8, 9) have been investigated as target cells producing those factors. Further studies are needed to identify the type of cells most appropriate for in vivo gene transfer for a specific disease whose key protein is one that is secreted. The properties of cells, such as their location, life span, and blood flow rate, will determine the efficacy of gene transfer.
In the case of secreted proteins, major concerns are the level and persistence of transgene expression. Although the number of transfected cells is also considered an important factor for guaranteeing less inter-individual variation, this is not so critical. For hemophilia B, only 1-2% of the normal level of factor IX is believed to be effective for severe hemophiliacs to exhibit a substantial improvement in clinical phenotype.
On the other hand, intracellular proteins, such as dystrophin and cystic fibrosis transmembrane conductance regulator protein, need to be synthesized within target cells where they are needed to maintain cellular functions. In such cases, in addition to the level and persistence of transgene expression, the number of transfected cells is important as far as obtaining therapeutic benefit is concerned. Uniform transgene expression might be required for gene therapy in patients with dystrophin-deficiency, i.e., Duchenne muscular dystrophy.
11)
TARGET CELL-SPECIFIC GENE TRANSFER Target cell-specific gene transfer is important for various aspects of in vivo gene therapy. Transgene expression in nontarget cells could lead to side-effects. In particular, the uptake of pDNA by immune cells is a major obstacle to nonviral gene therapy approaches, because the uptake sometimes triggers a severe immune reaction which reduces the level and duration of transgene expression in target cells. To achieve target cell-specific (selective) gene transfer, a variety of approaches have been examined from the selection of the administration route of pDNA to the use of tissue-specific promoters ( Table 2) .
Selection of Administration Route
The route of administration is a key issue for targeted delivery of pharmaceuticals. Pharmacokinetic considerations clearly show that drug delivery to a target is always greater with the intraarterial route than the intravenous one. 42) Topical administration of drug into the skin, muscle, trachea, and oral cavity is sometimes used to obtain local or systemic effects, although it is difficult to retain the drug around the injection site because of its absorption into the systemic circulation.
Local Administration Compared with conventional, low-molecular weight drugs, pDNA is a huge molecule with a molecular weight of at least 2000 kDa. This greatly restricts its diffusion within the tissue where pDNA is injected, because the diffusion as well as the absorption of an injectant into the circulation is largely governed by its molecular weight. 43) Furthermore, the complex formation of pDNA with cationic liposomes limits the diffusion within tissues due to the increased size and net charge. 33, 44) Therefore, pDNA locally injected into tissues, such as muscle and skin, may only transfect cells around the injection site, which makes in vivo gene transfer tissue-specific.
In 1990, Wolff et al. 12) reported that transgene expression in skeletal muscle can be achieved by a simple intramuscular injection of naked pDNA. Since then, other tissues, including the heart muscle, 16) liver, 17) brain, 26, 27) skin, 28) urological organs, 29) thyroid 30) and tumors, [31] [32] [33] have been transfected by direct injection of pDNA into the interstitial space of the corresponding tissue. The disposition of locally injected pDNA depends on the structure of the tissue injected, the blood flow rate, and other factors, which are still little understood. The volume of injectant has been suggested to be one of the factors that affect gene transfer following local administration.
Local administration into a cavity is another route for tissue-specific gene transfer. For gene transfer into the airway cells in the lung, the intratracheal route is often attempted using naked pDNA or pDNA/cationic liposome complexes. 35, 36) Intestinal epithelial cells are attractive targets because of their easy accessibility by oral or rectal administration of pDNA, although gene transfer into these cells is quite difficult with nonviral vectors. 45) Intravascular Administration Intraarterial administration of pDNA ensures its initial encounter with a target tissue, which may result in target-selective in vivo gene transfer. Intravascular delivery of pDNA to target tissues has been reported in various tissues with a range of nonviral vectors. Intraportal injection of naked pDNA in a large-volume, hypertonic, solution efficiently transfects about 1% of hepatocytes throughout the entire liver with a few nonparenchymal cells in mice. 18) A similar approach has been applied to skeletal muscle of the mouse, 14) rat 13) and rhesus monkey. 15) In these studies, transfected cells were spread within the target muscle.
pDNA complex with a cell-specific vector can be injected into vessels leading to the target tissue to ensure cell-specific delivery. Kawakami et al. 24) reported that intraportal injection of pDNA/galactosylated cationic liposome complexes results in the highest transgene expression in the liver, among the tissues examined. When injected intravenously, the same complex showed the highest expression in the lung.
A major barrier to this approach is the transendothelial transport of pDNA, if the target cells are behind the endothelial cells and basement membranes of capillaries. The structure of capillary walls varies depending on the tissue involved and can be divided into three general types: continuous, fenestrated, and discontinuous endothelium. 46, 47) pDNA can only pass through a vascular wall composed of discontinuous endothelial cells under normal conditions. Discontinuous endothelium only exists in the liver, spleen and bone marrow, and has gaps of 30-500 nm between the endothelial cells, and there is little or no basement membrane. Only a relatively small pDNA complex can pass through the blood vessels and directly interact with parenchymal cells. There are several approaches to improve the transport of molecules across blood vessels by increasing the vascular permeability. The continuous-type of endothelial cells in the brain (bloodbrain barrier) severely limits the permeability of water-soluble compounds. Therefore, large-volume, hypertonic solutions are often used in this route of administration to open the tight junctions of the endothelial cells.
48) The alteration of vascular permeability using a vasodilator has also been examined. 49, 50) Such modification of vascular permeability is a requirement for in vivo gene transfer into tissue parenchyma following intravascular administration of pDNA.
On the other hand, there is no need for pDNA to extravasate if target cells can be accessed by intravascular pDNA. Intravascular delivery of a pDNA complex mostly results in transgene expression in endothelial cells.
38) The endothelial cells in the lung are easily transfected by an intravenous cationic pDNA complex and, therefore, this approach is sometimes used as a lung-specific gene transfer method. 39) However, the biodistribution of pDNA/cationic liposome complex is influenced by the composition of the cationic liposomes, resulting in large variations in gene transfer in vivo. 40, 51, 52) Targeted Delivery by Nonviral Vectors The tissue disposition of a compound is determined by its interaction with blood and tissue components, which depends on the physicochemical properties of the compound and the anatomical and physiological characteristics of tissues. 53, 54) pDNA itself is a huge macromolecule with a strong negative charge. The uptake by Kupffer cells via a scavenger receptor-like mechanism largely determines its biodistribution following intravascular administration. [55] [56] [57] Therefore, to control the biodistribution of pDNA, its physicochemical properties also need to be controlled.
Complex formation with positively charged molecules is an easy way to reduce the negative charge of pDNA. A net positive charge on the pDNA complex facilitates the interaction of the complex with cells, resulting in gene transfer into the cells. Although such cationic charge-mediated gene transfer could be used for tissue-selective gene transfer into the lung, cellular uptake of such a cationic pDNA complex is a nonspecific process.
In an attempt to improve the cell-specificity of gene transfer, homing devices have been introduced onto vectors. They include: asialoglycoproteins, 19) carbohydrates, 20, 21, 25, 58, 59) transferrin, 34, 60) antibodies, 37, 41, 61) and lung surfactant proteins. 62) These ligands offer increased affinity of the pDNA complex with target cells, but do not guarantee target cell-specific gene transfer. Barriers in the biodistribution processes of pDNA reduce the ratio of transgene expression in target and non-target cells. 3) Therefore, control of the overall characteristics of a pDNA complex is required for selective delivery of pDNA to target cells. Figure 2 summarizes the steps for in vivo cell-specific gene transfer encountered by a pDNA com-plex with a homing device following intravascular administration.
To achieve cell-specific gene transfer to hepatocytes or liver nonparenchymal cells, we synthesized glycosylated poly(L-lysine) (PLL) derivatives and prepared a pDNA complex for targeted delivery to cells possessing carbohydrate receptors. 21, 22) Well-designed pDNA/galactosylated PLL (Gal-PLL) complexes were delivered to the liver in up to 80% of the injected dose. Separation of the liver cells revealed that such complexes were preferentially taken up by hepatocytes, the cells possessing asialoglycoprotein receptors. When the transfection efficiency of the pDNA/galactosylated polymer complex was boosted by the use of a fusogenic peptide (an acid-sensitive peptide designed based on the amino-terminal of influenza virus hemagglutinin subunit HA-2 or mHA2), the amount of transgene product in the hepatocytes accounted for over 95% of the total amount in all the tissues examined, 23) indicating the success of this target cell-specific gene transfer in vivo. Figure 3 summarizes the tissue disposition of pDNA and transgene expression following intravenous injection of pDNA complexed with a hepatocyte-targeted polymeric carrier in mice. 23) Tissue (Cell)-Specific Promoters Use of a tissue-specific promoter is another strategy for achieving target cellspecific gene transfer. Some promoters are active only in a specific type of cells, which offers high specificity of transgene expression following in vivo administration of pDNA. However, a major drawback of tissue-specific promoters is the weakness of their transduction efficiency. Therefore, tissue-specific promoters have scarcely been used for nonviral approaches whose transfection efficiency is generally much less than that of viral vectors. Herweijer et al. 63) have reported that a liver-specific albumin promoter is expressed at much lower levels of transgene product than viral ones, such as cytomegalovirus (CMV) promoter. The complex should be soluble in the injection solution, avoid aggregation, non-specific binding to tissues, embolization, and phagocytosis, extravasate (when target cells are tissue parenchymal cells), be recognized by the specific molecule, be internalized, escape from endosomal/lysosomal degradation, be transported into the nucleus, and be transcribed and translated. 
LEVEL OF TRANSGENE EXPRESSION
The level of transgene expression in target cells is directly correlated with the efficacy of an in vivo gene transfer approach for a particular disease, which depends mostly on the strength of the promoter and the amount of pDNA delivered into the nucleus of the target cells. Generally, the level of transgene expression is determined by the number of transfected cells and the number of copies of pDNA taken up into each cell. 64) In most cases of gene replacement therapy, nonviral approaches hardly achieve sufficient transgene expression to obtain any therapeutic effects. Although the level of transgene products is generally less than that required for treatment, too high an expression may induce disorders that result from excessive production. Recently, Zhu et al. 65) reported that overexpression of g-sarcoglycan induced severe muscular dystrophy in normal mice, suggesting that the level of transgene expression should be carefully controlled in replacement gene therapy to ensure safety during human clinical trials.
Intramuscular injection of naked pDNA, one of most thoroughly studied nonviral gene transfer methods, results in target-selective, prolonged, but very weak transgene expression, even with very powerful viral promoters such as CMV. Therefore, a major challenge to increase the level of transgene expression relies largely on improving the delivery of pDNA to the nucleus. Endosomal release, stabilization of pDNA within the cytoplasm, [66] [67] [68] and nuclear transport [69] [70] [71] are the major processes governing the efficiency of gene transfer.
Increasing the pDNA in the Cytoplasm/Nucleus. Molecules Altering the Intracellular Disposition of pDNA After endocytosis, the pDNA complex is largely retained in perinuclear endosomes/lysosomes, which limits its transport into the cytoplasm/nucleus and is a major barrier for eventual transfection. Therefore, endosomal release of pDNA is a target for efficient gene transfer (Fig. 2) .
One of the strategies involves using fusogenic lipids or peptides to disrupt the endosomal membrane. Dioleoylphosphatidylethanolamine (DOPE) is sometimes employed as a fusogenic helper lipid in pDNA/cationic liposome complexes. When cationic lipids bind to anionic lipids in the cellular membrane, phase separation, which initiates the inverted hexagonal phase formation, and membrane destabilization may occur. On the other hand, fusogenic peptides derived from fusion-active viruses can form pores in the lipid membrane 72) but some peptides can only do this at an acidic pH. They destabilize the endosomal membrane by the reduction in pH followed by cytoplasmic release of endosomal pDNA complex. The transfection efficiency into mouse liver was enhanced by the covalent binding of a fusogenic peptide to a hepatocyte-specific pDNA complex. 23) Another approach involves the use of a vector with a high buffering capacity and the ability to swell when protonated. Such a system, e.g. polyethyleneimine (PEI), 73) reduces the acidification of the endosome, induces a large inflow of ions and water, subsequently leading to rupture of the endosomal membrane. Histidine- 74, 75) or imidazole- 76) containing polymers allow efficient release of the pDNA complex from endocytotic vesicles into the cytoplasm.
Anionic lipids can displace pDNA in a pDNA/cationic liposome complex. 77) It has been hypothesized that anionic lipids, which are normally found in the endosomal membrane, efficiently dissociate the cationic lipids from the complex and release pDNA into the cytoplasm. Sakurai et al. 78) reported that a highly cationic complex of pDNA and N- (1-2,3-dioleyloxypropyl)-N,N ,N-trimethylammonium (DOTMA)/DOPE liposomes had difficulty in being released from endocytotic vesicles compared with a weakly cationic one, resulting in less transgene expression in cultured cells.
Nuclear localization signal (NLS) peptide has been used in an attempt to deliver pDNA into the nucleus, via electrostatic binding of pDNA to cationic NLS-containing molecules. This active transport of pDNA into the nucleus is important for the efficiency of gene transfer since pDNA is unstable in the cytoplasm. Lechardeur et al. 68) reported that microinjected pDNA is rapidly degraded in the cytoplasm with an apparent half-life of 50-90 min. Cytoplasmic nuclease might be responsible for the degradation.
Physical and Electrical Approaches pDNA can be shot into target tissues or cells by a gene gun, which uses gold particles coated with pDNA. 79) This approach allows pDNA to directly penetrate through cell membranes into the cytoplasm or even nuclei, and to bypass the endosomes/lysosomes, thus avoiding enzymatic degradation. Skin, liver and skeletal muscle have been successfully transfected after surgical exposure of the tissue. [79] [80] [81] If shallow penetration of bombarded pDNA into tissues is a problem, jet-injection of pDNA may be the solution. 82, 83) The application of short and intense electrical pulses can produce reversible permeability of cell membranes. 84, 85) Extracellular molecules can enter the cell via the pores created by the electrical pulses. Electrophoretic and electroosmotic transport under the influence of an electrical field may also facilitate the transport of charged molecules, like pDNA, across the membrane. 86) After initial permeation, the pores close and pDNA is trapped within the cell. Therefore, electroporation following a local injection of pDNA increases the chance of pDNA uptake by cells adjacent to the injection site. In vivo electroporation generally increases transgene expression up to 1000-fold compared with injection of naked pDNA without electroporation, in tissues such as skin, 87) liver, 88) melanoma, 89) and muscle. 90) The application of ultrasound has also been investigated in an attempt to improve in vivo transgene expression, and this facilitated non-endocytotic uptake of pDNA into cells. 91) Pressure produced by a large volume of solution also facilitates cellular uptake of pDNA, probably via a non-endocytotic process. Liu et al. 92) and Zhang et al. 93) reported that a rapid injection of a large volume of naked pDNA solution (for example, 1.6 ml saline solution for a 20 g mouse, which is almost equivalent to the total blood volume of the animal) via the mouse tail vein can induce efficient gene transfer in internal organs including the lung, spleen, heart, kidney and liver, with the highest level observed in the liver. The mechanisms of gene transfer by this method are not fully understood, but the hydrostatic pressure seems to force pDNA into the liver. 92) Kobayashi et al. 94) showed that not only pDNA but also proteins and other macromolecules can be delivered to liver cells by the same procedure, supporting a nonspecific mechanism for the cellular uptake of pDNA by this approach. A large-volume injection of naked pDNA has also been applied to tissue-selective gene transfer by creating a closed loop of blood vessels into hepatocytes 18) and skeletal muscle. [13] [14] [15] Promoter Strength The level of transgene expression is, of course, highly dependent on the strength of the promoters. In most nonviral approaches, strong viral promoters, such as simian virus 40 (SV40) early or late promoter and CMV immediate early promoter, have been used to compensate for the weaker potential of nonviral vectors compared with viral ones as far as transfection activity is concerned. To further increase the efficiency of transgene expression, transcriptional regulatory elements of pDNA have been examined. 95) DURATION OF TRANSGENE EXPRESSION Nonviral delivery of pDNA usually does not undergo chromosomal integration, which would be a factor determining the duration of transgene expression. Therefore, the degradation of pDNA and/or the transcriptional inactivation of the promoter are the major causes for such loss. One approach to prolong transgene expression is to continuously supply pDNA to the target cells by controlled release of pDNA. Improved stability of pDNA might also prolong the expression. The plasmid construct needs to be optimized because silencing promoters and/or the CpG motif-mediated immune reaction would limit transgene expression. In addition, the life span of cells, especially transfected ones, is another factor governing the persistence of expression.
Controlled Release and Stabilization of pDNA Controlled release of bioactive pDNA can be achieved by encapsulating it into biodegradable matrices. To ensure sustained release and expression, pDNA should be protected from degradation before and after its release from matrices. A low concentration of pDNA continuously released from a formulation could be readily degraded by nucleases. Then the pDNA needs to find a way to the nucleus of the target cell.
Several controlled gene delivery systems have been developed using various polymers, such as gelatin, 96) atelocollagen, 97) polylactic-polyglycolic acid (PLGA) polymers. 98, 99) Ochiya et al. 97) prepared pDNA in a cylindrical formulation composed of atelocollagen (Minipellet) and succeeded in obtaining prolonged release of active pDNA. When administered intramuscularly into mice, pDNA in the pellet formulation exhibited an increasing pharmacological activity up to 60 d, which was much longer than that obtained following administration of naked pDNA. Instead of naked pDNA, its complex with cationic carriers is sometimes used to enhance the stability of pDNA during the preparation of formulations and to protect pDNA from degradation by nucleases. 98) Another factor determining the duration is the loss of pDNA from the transfected cells since DNA is not stable in the cytoplasm. Lechardeur et al. 68) have reported that microinjected pDNA is rapidly degraded in the cytoplasm with an apparent half-life of 50-90 min. Cytoplasmic nuclease might be responsible for this degradation so that microinjection of free pDNA directly into the nucleus bypasses the cytoplasmic degradation and results in a much higher level of gene expression than microinjection of pDNA into the cytoplasm. 66, 67) Plasmid Construct Transcriptional regulatory elements determine various parameters, such as cell-specificity, efficiency and duration of transgene expression. So far, promoter/enhancer elements have been most extensively studied for their effects on gene transfer. 63, 100) For nonviral gene delivery approaches, very strong promoter/enhancers have been widely used to obtain high levels of transgene expression, such as CMV immediate-early promoter and SV40 early promoter, but these promoters can be easily attenuated. In addition, differences in the properties of pDNA produced in bacteria from mammalian DNA can induce immune reactions, which often reduce the duration as well as the level of transgene expression.
CpG Motif Compared with DNA of eukaryotic cells (frequency of ca. 1 : 64), bacterial genomic DNA contains a higher frequency of the dinucleotide sequence CpG (1 : 16). 101) Prokaryotic DNA is relatively unmethylated compared with the eukaryotic form, in which approximately 80% of the cytosines are methylated, a modification known to eliminate immunostimulation. These differences allow the mammalian immune system to recognize and respond to foreign DNA of bacterial origin, 102) such as pDNA derived from bacterial sources. Although such stimulation of the immune system is desirable for cancer immunotherapy or vaccination, it can be unfavorable for many gene therapy indications. 103) In addition to the immunostimulatory CpG motifs, neutralizing CpG sequences that can neutralize the immune activating properties of the stimulatory motifs has been reported. 104) The inflammatory response after the injection of naked pDNA into skeletal muscle is actually related to the CpG motifs in the pDNA.
105) The immune reaction against pDNA is amplified by the use of cationic liposome and high levels of cytokines, such as interferon (IFN)-g and tumor necrosis factor (TNF)-a, have been detected after their intratracheal instillation or intravenous injection. 39, 106, 107) These cytokines are not only toxic to the treated animals but also inhibit transgene expression. The presence of stimulatory CpG motifs in pDNA seems to be directly correlated with cytokine production. 108) Therefore, this property of CpG is a significant obstacle to replacement gene therapy.
Yew et al. 108) eliminated 270 of 526 CpG dinucleotides in a reporter pDNA, either by eliminating nonessential regions within the plasmid backbone or by site-directed mutagenesis. A CpG-reduced pDNA was then found to be significantly less immunostimulatory than the original pDNA. Tan et al. 109) reported that an intraperitoneal injection of dexamethasone suppressed cationic lipid-protamine-pDNA complexinduced cytokine production and led to significantly higher and prolonged transgene expression. Recently, a PCR amplified fragment has been examined with a view to avoiding immune responses against CpG motifs of all nonessential regions within the plasmid backbone.
110)
Promoter Inactivation The transcriptional activity of CMV promoter is very powerful, but likely to be inactivated over time in cells such as hepatocytes. 63, 100, 111) Such inactivation of the CMV promoter has also been observed in transgenic mice. 112) Cytokines, such as TNF-a and IFN-g, are involved in the inactivation of viral promoters. 113) Yew et al. 114) reported that a hybrid promoter consisting of CMV enhancer and human UBB (encoding ubiquitin B) promoter can prolong transgene expression up to three months in the lung and 42 d in the liver. Herweijer et al. 63) showed that mouse albumin promoter prolonged transgene expression in the liver, Transgene expression in muscle cells can persist for several months after intramuscular injection, 116, 117) indicating that a considerable fraction of the transfected cells survive for a long period. However, administration by this procedure may induce cell death. A large-volume injection of naked pDNA has resulted in an extremely high, but short, transgene expression, 92, 93) and the procedure induced hepatocellular damage.
63) The loss of gene-expressing cells through an apoptotic process has been reported to occur in the lung following systemic administration of a cationic lipid-protamine-pDNA complex. 39) NUMBER OF TRANSFECTED CELLS As discussed in Table 1 , the number of transfected cells is very important for cases in which transgene products localize within transfected cells e.g. dystrophin.
11) Although an intramuscular injection of naked pDNA results in relatively efficient transgene expression, transfected cells localize near the injection site and the efficiency is approximately 1% that of muscle fibers. 12, 116) The disposition of transfected cells is limited to the region around the injection site, about 10 mm in diameter in dog muscle. 118) Direct injection into the liver also resulted in transgene expression over an area of 5 mm around the injection sites. 17) Limited disposition of pDNA injected locally is a major reason for this highly localized gene transfer (Fig. 4) . When complexed with pDNA, cationic liposomes reduced the spread of pDNA in tumors following direct injection into the tissues. 44) Although the disposition of locally injected pDNA can be partially improved by using polyvinyl pyrrolidone, 119) hyaluronidase, 64, 120) or electroporation, 90, 121) these effects are limited to areas adjacent to the injection site.
Several approaches have been examined to overcome this hurdle. Injection of a sucrose solution prior to pDNA injection has been shown to force the generation of spaces between muscle fibers, thereby improving the disposition of pDNA throughout the muscle. 122 ) Digestion of extracellular matrix by proteases, such as collagenase and hyaluronidase, also increases gene transfer by naked pDNA or AAV vector, 64, 120) and so could improve the disposition of those vectors within the muscle tissue injected. Molecules inducing muscle regeneration, such as bupivacaine, are also effective. 123, 124) Another strategy for in vivo gene transfer to a large number of cells is intravascular delivery of pDNA. Due to the well-developed vasculature within tissues, such as internal organs, skeletal muscle and brain, pDNA can be delivered to the vicinity of a number of parenchymal cells of these tissues. Rapid injection of a large volume of naked pDNA solution resulted in very high transgene expression in the liver. Transfected cells were spread throughout the liver and approximately 40% of them expressed a transgene product. 92) A similar approach to skeletal muscle was also effective in inducing transgene expression in many myotubes in various species. [13] [14] [15] In monkeys, an average of 6.9% of myofibers were transfected in both leg and arm muscles.
Liu et al. 125) succeeded in gene transfer into the diaphragm muscle of the mdx mouse, a model of Duchenne muscular dystrophy (DMD). Significant gene transfer was also found after intravenous injection of naked pDNA followed by a brief occlusion of blood flow at the vena cava. Approximately 40% of muscle fibers of the diaphragm were positive for dystrophin in mdx mice injected with pDNA encoding the full-length Dmd cDNA.
CONCLUSION
Successful in vivo gene therapy requires the development of a rational gene transfer approach that fulfills various requirements for each target disease. Development of target cell-specific delivery and controlled release technologies, the combined use of a variety of approaches, and the optimization of administration methods are needed to achieve effective in vivo gene therapy. Further basic and clinical studies in this field should allow in vivo gene therapy to become a realistic medical option in the near future. 
